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Abstract. The UNM Measurement Astrophysics group is currently cartsing
and testing a mobile instrument suite that includes a mudtrelength backscatter li-
dar, stellar spectroradiometer and cameras (visible agrdnidd infrared) that will pro-
vide real-time atmospheric transmission metadata in thexaoof atmosphere through
which a supported telescope is observing. The design, tiperand calibration of
the lidar (the Facility Lidar for Astronomical MeasuremaitExtinction - FLAME)
and spectroradiometer (the Astronomical Extinction Sp&titotometer - AESoP) are
detailed.

The first task of this instrument suite will be to help createeav set of standard
stars radiometrically calibrated to NIST standards. atlitithis will be done for bright
stars across the wavelength range 350nm to 1050nm at lnriradpesolution with
measurement accuracy better than 1% per spectral resoklément by calibration to
NIST silicon detectors.

Because these standard stars will support both ground-paasased observa-
tions, our proposed evolution of calibration begins withahle bright optical standards
and then adds measurements into the infrared. Followirigalfmfrared calibration of
bright stars we plan to calibrate fainter stars, ultimately~18, both in the optical and
near infrared.

1. NIST Stars

The Measurement Astrophysics Research Group at the UniversitgwfNiexico and
the National Institute for Standards and Technology (NIST) have beksborating
on techniques and instrumentation designed to produce a new generaiosobitely
calibrated standard stars directly traceable to NIST laboratory radiom&tridasds.
Previous €éorts, most notably those of Oke & Schild (1970), Hayes et al. (197%), an
Tiug et al. (1977) but see also Megessier (1995) and referencesthased emissive
sources, either lamps or molten metal blackbodies, placed some long distandéé
telescope as the calibration standard and alternated observing the dtstadand the
source. Over the last decade, NIST has moved away from emissivaasiann the
visible and near-infrared and now uses detector based standactisassilicon and
InGaAs photodiodes (Larason et al. 1996; Yoon et al. 2003), thet been calibrated
against primary optical standards (Brown et al. 2006; Smith et al. 2098@yddition to
calibration source systematics, variable atmospheric transmission contiibetetther
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major limiting factor to these previous calibratiofficets, both the transmission between
star and telescope and between the telescope and calibration soures &lbagtham
1975).

The goal of NIST Stars is to produce a new set of standard stars tatibi@a
NIST detector-based radiometric standards. The curif@nittés aimed at producing
~100 stars brighter thaty = 6 over the entire sky, calibrated from 400 nm to 1000
nm to better than 1% accuracy in 1 nm bins. Using detectors as refetandasis in-
stead of emitters means that atmospheric attenuation between the sourcesaugpéele
can be made very small by illuminating the standard detector and telescopecahde
ibration through nearly identical atmospheric paths. Additionally, a numbethar
advancements in the intervening decades allow for better determination oftihe- e
tion between the telescope and the top of the atmosphere, in particular mareadv
atmospheric models (e.g. MODTRAN 5 (Berk et al. 2005)) and new way#é¢otty
probe the atmosphere, such as lidar (Zimmer et al. 2010).

1.1. Applications

The primary driver for this calibrationféort is to benefit observational astronomy by
allowing a path to calibrate measurements, both within a given data set ancehetwe
observations made with radicallyfférent instruments under a range of local observ-
ing conditions, to a common unit system available to A}f?/nm). This includes
measurements made both with ground-based and with space-basedtuvssy In
addition to astronomical applications, there are numerous other opticaisydteth
terrestrial and otherwise, in use worldwide carrying out missions fotheeand cli-
mate remote sensing, geospatial intelligence, and defense. All of thésesveensors
can be made more accurate if appropriate radiometric standards are lavaildve-
over, once a set of absolute standards have been created, relsitnplg instrumenta-
tion can be used to measure atmospheric transmission (see Section 5.2).

1.2. [Initial targets

Our initial calibration €orts have been targeted at stars that already have a calibra-
tion pedigree. Vega will be calibrated, not because it is a particularly gbotte of
standard star (has a debris disk (Mountain et al. 1985), rapid, potetation (Peter-
son et al. 2006), possibly variable (Engelke et al. 2010)), but ecafithe history
of its use as a standard, thus allowing ties back to the extensive historjyraf@s-
ical photometry (see Landolt in these proceedings). 109 Viginis is antatgat that
has been frequently used as a calibration standaiig €f al. 1977) and Sirius. The
initial target list is rounded out by 19 stars from the Next Generation t&gddbrary
(Heap & Lindler 2007), chosen for appropriate brightness, declinatbservable from
northern hemisphere observatories, lack of nearby confusionesard not flagged
as variable in the HIPPARCOS database (van Leeuwen et al. 19973 (Beglin &
Gilliland 2004) and the NGSL targets all have spectra obtained by STIS @nwAsich

is calibrated (relative) against model white dwarf atmospheres (Bohlin)200€ing
targets with measured top-of-the-atmosphere spectral energy distri(B&D) will
initially help in the development of our calibration processff&iences between our
measurements and STIS measurements, both within a given star’'s SED agldtilie
measurements between stars, must be understandable and resolv@dStatkSthen
can provide a consistent and quantified absolute flux scale to the ensdmtaes@and
together establish the HST white dwarf sample as secondary absoluterdtanda
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Modtran Model of Transmission over Typical Continental Observatory Site
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Figurel. The blue line plots total atmospheric transmisai®a function of wave-
length in the near-UV thru short wave IR spectral regions adeted by MODTRAN
using nominal atmospheric conditions for Albuquerque, NMe other lines break
down the transmission into its various component contidiost

2. Measurement Approach

Because variable atmospheric transmission constitutes the source of tet kargwn
systematic errors for calibrating standard stars, that is where we fagudforts.
The usual approach of measuring atmospheric extinction using a Langlepaa-
tion technique, where stars are measured at a range of airmass andltbgtiotéion
is extrapolated to zero airmass, assumes that the atmosphere is homogeegiuen
altitude (either plane parallel or spherically symmetric about the center ofatth)E
and that the changes, spatial and temporal, in atmospheric transmissidinm/are
small compared to the desired photometric accuracy. A better approach issoime
the transmission of the column of air through which calibrations are being made.

2.1. Two Instrumental Techniquesfor Two Categories of Extinction

Figure 1 shows an atmospheric transmission spectrum generated in MODTdRA
typical desert observing site conditions. The constituents of that spectin be bro-
ken into two broad categories based on spectral signature: those thiaigveapidly
with wavelength such as molecular absorption freigO and O, and those that vary
slowly (or not at all) with wavelength, such as clouds and aerosols. Wehniiaitc
breakdown with two instruments: a calibrated spectrophotometer that carpreer
cisely measure the relative spectrum of atmospheric transmission as impringed o
stellar spectrum and a calibrated multiwavelength backscatter lidar, whicgheasure
the total atmospheric transmission at a few specific laser wavelengths.

2.2. Calibrated Spectrophotometry

By calibrated spectrophotometry we mean observing the candidate stataavedth

a low resolution R ~ 1000) spectrometer that has been irradiance calibrated such that
the absolute throughput of the instrument and associated uncertaintlesane. The
resulting stellar data is the product of the stellar SED and spectrum of aterasph
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transmission. In the case of candidate standards with HST spectra, tinerstallar
SED is known and thus all that remains is to determine a wavelength indepéneen
gray) scale factor. For targets where the SED is not measured abos&rbsphere,
models of the particular target's atmosphere can be used to break apeffiettie of
atmospheric transmission from features of the star. Fortunately, while dietiva
transfer physics of stellar atmospheres and Earth’s atmosphere is theusaimemost
circumstances, the constituents of each are quiterdnt and thus separable.

2.3. Calibrated Lidar

In our approach, the calibrated lidar system transmits pulsed laser lightlaplenu
wavelengths and detects the elastic backscatter signal of the constitudeastius
atmosphere. A telescope aligned with the transmitted laser light collects the extatter
photons and detected light is time-gated such that the range from whichieulzear
photon returned is known to high accuracy. The signal from an elasticifdaell
modeled by the so-called lidar equation (Eqgn. 1) (Kovalev & Eichinger 2004

P(r)

N(r) = Nonréz (8_37rﬂm(r) + Eﬁa(r)) e 2 (1)

whereN(r) is the number of photons returned from a given ramgél, is the number

of photons launched from the transmitter, A is the telescope collecting miedhe
system throughpum & Ba are the volume scattering déieients for molecules and
aerosols respectively (where t@gis the Rayleigh backscatter phase function), P(r) is
the backscatter phase function for aerosols@gnds the extinction along the laser path
from the ground to a the range The factor of two in the exponent appears because the
light must propagate both up and back to the given range, thus seeshtatpauation
twice.

With our measurement approach, in order to measure the transmission of the a
mosphere (the exponential term in Egn 1) we need to achieve two thingsvédiraust
calibrate the terms on the left hand part of EQINg,, 7, andA. CalibratingNg is simply
a measurement of the transmitted laser power, which is not all that challeexgegt
that the transmitted laser beam can be large (200mm and larger) and thecaows
large (Watts), but otherwise simply requires a precise and accurate pweter. Cal-
ibrating the other two terms is identical to calibrating the irradiance responge of
spectrophotometer, save that it only needs to be done at the laser vgglislen

The second requirement is that we find a portion of the atmosphere whédrgowmw
whatB, andB; are based on other measurements and that said portion of the atmosphere
is suficiently high in altitude so that the bulk of the total transmission is coming from
constituents below it. In our case, we choose to use the middle stratospbetekm
above sea level, because it is high enough to be above the bulk atmosgtemica-
tion, low enough to be below altitudes where gravity waves modulate the deriity w
amplitudes above 0.1%, and is constituted by mostly well-mixed air that is stable and
routinely measured by radiosondes. Thus we are high enough thattiseldsackscat-
ter is negligible (though we will test this) apg, is measured and doesn’t change much,
so the transmission can be accurately measured from the strength of tegRagturn
from the stratosphere.
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3. TheAstronomical Extinction Spectrophotometer (AESoP)

AESOP has been designed to be a smdlhrdable, replicable instrument for mak-
ing calibrated spectrophotometric measurements of bright stars to accumeadure
atmospheric transmission. Integral to the AESoP concept is that the ergiesrsyn-
cluding the calibration hardware, should be easily portable. This allowRES be
moved to various observing sites where it can support observationg tadien with
other, larger science telescopes and also move between observatoty sitaximize
seasonal patterns, such as observing from California during thevgesttmonsoon that
shuts down observatories in Arizona, New Mexico and Texas.

3.1. The Spectrometer

AESOP is an objective grating spectrometer built around a 106mm Takdh&gh
106ED apochromatic refractor and a Newport Richardson 90/tmastransmission
grating blazed at 700nm. This combination was choserffay a good dispersion and
free spectral range match to typicdt-the-shelf CCDs. We chose a design with a
filled circular pupil to simplify the collecting area measurement required fadiance
calibration. Because we were targeting bright stars to begin with, we déedempro-
mise between collecting area, scintillation and cost, where a roughly 100morape
fit these requirements. The aperture is stopped down slightly from 106 mooiddnlsy
100mm with a precision machined invar aperture plate, which ensures theticgle
area is not changing more than 100 ppm over the wide temperature ranugesmtered
at observatory sites. The aperture plate has been optically scannedeaisdred to
have a collecting area of 7827 + 0.01mn?.

The optical layout of AESOP is designed to be as simple as possible. After the
aperture plate and grating, the refracting telescope is tilted slighttyy (o the grating
normal) so that the middle of the first order spectrum at 780nm is paralled toptical
axis of the telescope. At the output of the refractor is a photometric shoiteser and
filter wheel with order blocking filters. The CCD camera is a FLI Proline witfe2
4210 chip (back-illuminated 2048 x 512 A %ixels). The first order spectrum covers
525nm - 1040nm with 0.28nm pixel resolution and the second order speciover
360nm-555nm with 0.14nm pixels. Because there is no slit, the spectraitresds
fundamentally limited by the PSF, though the image scale was chosen to undersam-
ple typical seeing conditions thus minimizing thfeets of seeing variations on the
delivered spectral resolution.

3.2. Calibration Transfer Telescope

The way AESOP is calibrated is by using a second telescope as a trdanftarsl. Be-
cause observatory environments are dirty, any telescope exposedky tecumulates
dust (and worse) over time which changes its irradiance responsaugzof this, AE-
SoP needs to be calibrated repeatedly over the course of a night. Theisstaeneed
for a calibration standard that is not exposed to the sky but can adgyskteed at the
same distance from a calibration source as AESoP and cover a similae soigtttness
dynamic range.

Our solution to this problem is the CAL telescope, an optical system desigbed to
very similar to AESoP, but with no dispersive element. CAL is an identical Takai
refractor with a nearly identical precision invar aperture plate that mouluw B SoP
so that the apertures are coplanar. For a detector CAL uses a smaliretiorlens to
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Figure 2.  The picture to the left shows AESoP and CAL in thelpaelivered
mobile observatory with the roof open and the instrumeritg &levated. The image
on the right shows AESoP and CAL in their lowered calibragomsition looking
down their b#les.

create a pupil image on a CCD. The CCD is read out in TDI mode and binyed, b
an amount depending on the intensity of the calibration signal, into a one dimehsio
time resolved measurement of the intensity of the pupil image. The proairafept
detector for CAL had a measured noise equivalent power (NEP)a@A\P2/Hz and a
new sensor optimized for this operational mode is expected to be deliveoadasd
should improve this figure of merit by a factor of 5 or more. This is in contathe
photodiode that was originally in place as the calibration detector which hdtPadfl
> 6006W VHz

CAL is designed to be easily removable from the telescope mount so thatiecan
sent to NIST and calibrated, one wavelength at a time, against NIST stiypluiatodi-
odes in the Telescope Calibration Facility (TCF - Smith et al. (2009)). Wheoheita
to AESOP, both systems view the local calibration source, which is a mornoetwo
with a halogen bulb that feeds a small multimode fiber. The fiber output is abthe f
cal point of a 16” f4 parabolic collimator mirror. The collimated beam overfills both
AESoP’s and CAL's apertures, and because they are the same distamdie colli-
mator, small errors in the output beam divergence don't create irealidiierences.
The monochromator is stepped through wavelength and the calibration ot@hbe
transferred to AESoP. When not in operations, CAL is covered to minimizieoen
mental contamination.

3.3. Maobile Observatory L ayout

AESOP and all of the calibration apparatus are contained in an 8'x16'rtthdeallows
the entire system to be moved between observation sites with minimal setup time (see
Figures 2 & 3). The trailer floorplan is split into two 8’ square sections, itk
AESoP and CAL and the other with the calibration source hardware. A srivallow
between the two chambers is opened during calibration, allowing AESoP AbdoC
view the collimator mirror and otherwise closed to keep out dust. The telesidpe
has a retracting roof to allow access to the sky.

AESoP and CAL are co-mounted on a Software Bisque Paramount ME}, aitim
an autoguider and other auxiliary equipment. The Paramount is attacheibtation-
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Figure 3.  This drawing shows the mobile observatory floonpléh the system
in its calibration position. Calibration light is projecteut of a fiber just to the left
of the middle patrtition into the 16 inch collimator mirrorthe left. The collimated
beam illuminates both AESoP and CAL, one wavelength at a, it@ving transfer
of the CAL irradiance calibration onto AESoP.

isolated elevating platform to allow AESoP to be raised up and peer over thefdite
trailer at terrestrial sources on the horizon as a calibration cross-elnelcalso change
how AESoP and CAL are illuminated by the calibration system to test for systematic
errors in illumination during the calibration transfer process.

3.4. Construction Status

The last missing large component, the trailer, arrived the week prior to thisremce.
Integration and testing have begun with anticipated first light in early Juh2 26d
automated science operation by the end of summer.

4. Facility Lidar for Astronomical Measurement of Extinction (FLAME)

Elastic backscatter lidars such as FLAME are relatively simple optical systems
sisting of a pulsed laser, beam expansion optics, a receiver telesadpee detector
that can time the return of the photons scattered by the atmosphere. Thenamy
other sorts of lidar that can reveal the atmosphere in great detail, buitkeyore
complicated and thus more expensive, instruments, and most do not hakeotingh-
put to retrieve the transmission from the stratosphere with high precision amtamin
timescales. FLAME will produce a wealth of other information about the atnersph
through which it transmits, but was designed to measure Rayleigh scatteringtfe
middle stratosphere. Based on our previous experience with ALE (Zimraérz10),
the enhanced capability of FLAME should readily achieve this goal.

4.1. Laser and Transmitters

The basis for FLAME is an Ekspla NT-220 three harmonic Nd:YAG systernhdut
puts 3W at 1064nm, 2W at 532nm and 1.5W at 355nm, all wihs pulse widths at
1500Hz, which leaves enough time for a given pulse to travel 100km ackl lefore
the next pulse launches. The 1064 and 532 channels are fed directindntmual
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Figure4.  Animage of FLAME from an assembly test is shown witk transmit-
ter (the white 200mm telescope in the upper left) and one 7Short range receiver
(small black tube on top) attached.

400 micron mulitmode fibers, while the 355nm channel is first sent throuiy &av-

ity pulse stretcher (Kojima & Nguyen 2002) to reduce the peak pulse poelewb
the fiber damage threshold and then fed into a 400 micron fiber. The filngtes the
laser light to the transmitter optics mounted and co-aligned on the main recderer te
scope. The light from each fiber is collimated to 20mm diameter-d¥d is split to a
power meter, the remainder continues and the 532 and 355 channelsénie®eo with

a harmonic separator dichroic mirror. Two 200mm diameter commercial Newtonia
telescopes, one for 3E@82 and one for 1064 provide the final beam expansion.

4.2. Receiver Optics

FLAME's has three 75mm short range receivers, one for each\esearlength, which
are mounted and co-aligned with the main receiver telescope. Each osistsaf
an objective lens, field stop, collimating lens, 2nm wide narrowband filterFafaly
lens which make a pupil image at the detector, where all the glass and coartengs
optimized for the particular wavelength. The 75mm aperture was chosertitinadp
cover the dynamic range of signals from 100m to 10km altitude where theréomge
receiver will saturate. FLAME’s main receiver is based around a ouftanewave
20" RC telescope (see Figure 4) on a Mathis Instruments alt-az mount trettsdhe
return from all three laser wavelengths. There is a common field stop péced 10
km conjugate focal point which aids in the rejection of out-of-focus ligbtrf lower
altitudes. The incoming light is then collimated by a triplet achromat that provides a
15mm diameter beam which is split by dichroics into individual 1064, 532 abdr85
channels. Each of those channels then passes through a 2nm lsfitgras Fabry
lens and a secondary field stop before making a pupil image at the detector.
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4.3. Detector System

The detectors for the 355nm and 532nm channels are Licel packagedriatsu pho-
tomultiplier tubes (R9880U-210 and -20 respectively). The output di &amput to

a Fast-COMTEC discriminator amplifier that provides two outputs, one shidpédd
output for pulse counting and one unshaped for analog detection. Eauséing is
provided by Fast-COMTEC P7882 PCI cards and analog detection igdptbby a
GaGe 8-channel 25MHz digitizer with on board signal averaging. Thect for the
1064nm channel is still under consideration. The resulting analog atdmphounting
profiles are accumulated in software into one minute profiles, except fantleg re-
turn below 10km, which is kept at the raw 0.6s temporal resolution, primarily tema
pretty pictures.

4.4. Mobile Observatory Layout

FLAME will be housed in a mobile observatory trailer similar to AESoP’s that s cu
rently under construction with an expected delivery date of June 20&&.main re-
ceiver will be house on the side with the sliding roof and on a vibration isokategh-
sible platform so that is can point over the trailer walls. The other half of Hiletwill
contain the laser and calibration power meters.

45. Calibration System

As indicated in Section 2, in order to accurately measure atmospheric traimsntieth

the transmitted power and irradiance sensitivity of FLAME need to be mehsiihe
transmitted power is continually monitored by the power meter at the output of the
fiber that feeds the transmitter. However, the throughput of the subsegptics will
change with time, thus the total output power needs to be periodically calihrsitegl

a power meter that can accept a 200mm, 3W input beam. Two of these systems,
for each transmitter, would be at opposite side of the trailer where FLANWEpoint

at them with the roof closed and are currently being designed. Thessrs/a/ould be
calibrated in the NIST TCF in the same way as CAL.

The irradiance calibration of the receivers is undertaken in a manner similar
AESOP. A calibration transfer telescope similar to CAL, save for a filter Wioeselect
narrowband filters identical the the ones in the receivers, and calibaatetiST in
the same way as CAL, is mounted and co-aligned with FLAME. Both twilight sky to
provide a dffuse source and bright stars to provide point sources would be ellSeyv
the FLAME receivers and FLAME's calibration telescope which wouldeyetween
filters.

4.6. Current Status

Except for the mobile observatory trailer, all of the major components offEAave
been acquired and are awaiting delivery of the trailer for integration astithge

5. Using FLAME and AESoP to Create NIST Stars

Having acquired calibrated bottom-of-atmosphere spectra of brightwsidrAESoP
and calibrated monochromatic transmissions from FLAME, we must intelligentty co
bine these data to extract the top-of-the-atmosphere calibrated speetigy eistribu-
tion of the observed stars.
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5.1. Making Standard Stars

In order to produce the calibrated bottom-of-atmosphere spectrum, themeéapec-
tra from AESoP must have the irradiance calibration derived from theslagth-
by-wavelength transfer from CAL to AESoP. This provides the tie betweeasured
photoelectrons and//m?/um. Next we ratio this calibrated spectrum to the best known
(measured or modeled) top-of-atmosphere spectrum of the sourc&lsaratio rep-
resents the combination of atmospheric transmission and any calibration puotbe
solved systematic errors.

The measured FLAME lidar returns will yield the absolute transmission at each
laser wavelength, pinning the absolute energy scale at those wavele@tjtes auxil-
iary measurements of atmospheric parameters, especially surfacerpreadiosonde
vertical profiles of temperature and humidity, local GPS precipitable wapmrvaea-
surements (Bevis et al. 1994), satellite measurements of ozone column eteptare
also compiled to inform the process of fitting the atmospheric transmission profile
Aside from the relationship between surface pressure and total Ragleadfiering and
oxygen absorption, these other measured quantities are fliciently accurate to use
directly, but rather provide a starting point and a range of acceptablesphedc pa-
rameters.

The fitting process at present uses a grid of MODTRAN 5 models createdsa
the range of expected atmospheric parameters and airmass in a lookuf tebbgid
qguadrature was chosen so that intermediate changes are well-répdelsetinear in-
terpolation between points at the 0.1% or better level. The spectral rescdlgioent
is estimated using the cross-dispersion profile of the spectrum. Recdatellar lines
in the middle of strong atmospheric absorption bands is likely to be problematic, bu
we are working with the authors of MODTRAN on techniques to improve this.

5.2. Using Standard Stars

Once absolute calibration has been established for a set of stars, AES8Ier similar
calibrated spectrophotometers can be used to derive the atmosphenmissios in

the direction of the star. The process is essentially identical to the one,abmapt
with the stellar SED already known, the atmospheric transmission falls out withou
requiring a lidar to measure monochromatic transmissions. This metadata stileam w
be useful for other telescopes observing in that or nearly the saméialire®ducing

or minimizing valuable large telescope time required for calibration. The atmosphe
data is also of interest to aftBrent set of scientists studying the atmosphere.

6. Summary

UNM and NIST will soon be producing a new generation of calibrated statsdstars
referenced to NIST detector-based standards. Using the combinataliwhted spec-
trophotometry and calibrated elastic backscatter lidar, the primary impedimeot to a
complishing this task, measuring and removing the signature of atmospherinisans
sion, is surmountable.
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